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Abstract 

We study the cosmological inflation from the viewpoint of the moduli stabiliza- 
tion. We study the scenario that the superpotential has a large value during the 
inflation era enough to stabilize moduli, but it is small in the true vacuum. This 
scenario is discussed by using a simple model, one type of hybrid models. 
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1 Introduction 



Moduli fields play an important role in superstring theory. Couplings in 4D low-energy ef- 
fective field theory are given as functions of vacuum expectation values (VEVs) of moduli 
fields. Thus, we need a stabilization mechanism of moduli VEVs. Indeed, moduli stabi- 
lization is one of important issues in string phenomenology and cosmology. The moduli 
potential has a small bump, which is related to the gravitino mass 777,3/2, in many models 
of moduli stabilization, e.g. the Kachru-Kallosh-Linde-Trivedi (KKLT) potential [TJ and 
the racetrack potential [2]. 

When we consider the low-energy supersymmetry (SUSY) breaking scenario, the 
height of the above bump is quite low. That may lead to some problems. For exam- 
ple, we need the positive energy to derive inflational expansion of the Universe. If such a 
inflation energy is larger than this small bump of the moduli potential, the moduli would 
be destabilized and run away to infinity. Thus, we may have a constraint between the 
gravitino mass 7773/2 and the Hubble constant H in f during inflation, e.g. 7773/2 > H in f in 
a simple model [3]. 

One way out is to use non-perturbative superpotential with positive exponents [U G2 [6] , 
although the KKLT superpotential and the usual racetrack superpotential include non- 
perturbative terms with negative exponents. However, the positive exponents are possible 
and have significant effects in the moduli stabilization. That is, the moduli potential with 
positive exponents could have a quite high barrier, which is independent of the gravitino 
mass. 

In this paper, we study another scenario to stabilize the moduli during the inflation 
era and to lead to low-energy SUSY. We consider the inflation scenario that the inflaton 
field 0, which is different from moduli, drives the inflation dominantly. We assume that 
the would-be inflaton (ft induces a large value of superpotential (W(<f))) j n / during the 
inflation era. A similar idea has been studied in [TJ. At any rate, such a large value 
of (W((p))i n f could also induce a large mass of the modulus during the inflation era, 
and the modulus mass during the inflation would be of O(10) x (W((j)))i n f, e.g. for the 
KKLT superpotential. Here we use the unit that Mpi = 1, where Mpi denotes the Planck 
scale. If such a mass is larger than the Hubble parameter H in f during the inflation era, 
the modulus is not be destabilized^ After the inflation ends, we assume that a small 
value of the gravitino mass 7773/2, i.e. 7773/2 <C (W(4>))i n f, is realized at the potential 
minimum. At such a potential minimum, the modulus has a large mass compared with 
the gravitino mass 7773/2 such as 0(10) x 7773/2 or more. Then, the modulus is stabilized at 
the true minimum. That is the realization of the F-term uplifting scenario at the potential 
minimum HI M, EE] • 

To illustrate our scenario, we use the inflation model studied in Ref. [TJ], which 
is a kind of hybrid inflation models [T2J [13]. Its inflaton superpotential W(<ft) is the 
Intrilligator-Seiberg-Shih (ISS) type of superpotential [T5] with a deformation proposed 
in Ref. [15] . (See also for the inflation model with the ISS superpotential [17J.) With such 
a inflation superpotential W(<p), we study the modulus behavior during the inflation era 

1 This behavior is similar to the F-term uplifting scenario [5J |H1 EH E] • 
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for the KKLT superpotential and the racetrack superpotential including the case with a 
positive exponent. Indeed, similar superpotential models have been studied for inflation 
models [18] . However, our viewpoint differs from those. 

This paper is organized as follows. In section 2, we explain our scenario without explicit 
inflation superpotential. In section 3, we study our scenario by using an illustrating model. 
Section 4 is devoted to conclusion and discussion. 

2 Scenario 

Here, we outline our scenario. We assume a superpotential W(4>) for the would-be inflaton 
0, which induces a large Hubble parameter Hi n f in the inflation era (without taking into 
account the degree of freedom of the moduli). Then, we study the degree of freedom of 
the moduli. For simplicity, we consider a single modulus, T, with its Kahler potential, 

-31n(T + T*). (1) 

Then, the total Kahler potential is written by 

K = -31n(T + T*) + K(0,0*), (2) 

where the second term denotes the Kahler potential of <j) and a simple model may cor- 
respond to the canonical form, K(<f>,(j)*) = \<f)\ 2 . The modulus T cannot be stabilized 
without non-perturbative terms. Thus, we introduce a certain non-perturbative term. 
First, we consider the KKLT-type superpotential. That is, the total superpotential is 
written by 

W = W((f>) - Ae- aT , (3) 

with a > 0. Here, we assume a = O(10), which is a natural value when this non- 
perturbative term is induced e.g. by gaugino condensation. Then, the total scalar poten- 
tial is written as 

V = e K [\D I W\ 2 (K II )-3\W\% (4) 

where DjW = KjW + Wj and K n denotes the inverse of the Kahler metric Kjj. 

For the moment, we neglect the dynamics of 0. That is, we replace by a fixed value 
and neglect D^W, i.e. D^W = in the scalar potential. In such a case, the modulus T 
can be stabilized at DtW = 0, i.e., 

K T {W{<f)) - Ae~ aT ) + aAe~ aT = 0, (5) 

where W(4>) is considered as a constant. When \aT\ 3> 1, this equation becomes 

aT w -log{W{(j))) - log(a(T + T*)/3), (6) 
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and we obtain |W(0)| ^> |v4e _aT |, that is, the term W(4>) is dominant in the superpoten- 
tial. To realize \aT\ ^> 1, the superpotential W{4>) must be small such as |W(</>)| <C 1. 
At this point, the modulus has a mass 

m T = e k ' 2 {K TT *)W TT = a 2 Ae- aT e k /\K TT ') « -= === W(<j>). (7) 

Now, let us take into account the dynamics of <ft, that is, non-vanishing D^W. We 
assume that through non-vanishing D^W the inflaton field induces a large positive 
energy to drive the inflation. That is, a large Hubble parameter Hi n f is induced. Such a 
large Hubble parameter may destabilize the modulus and the modulus may run away to 
infinity. Once the modulus is destabilized in such a way, the successful inflation cannot 
be realized. However, the modulus has the mass ~ aW(<j>) / yT + T* at the above 
point flSD- Thus, the modulus would be stabilized still almost at the above point (E}, 
when such a modulus mass is large enough compared with the Hubble parameter, i.e. 
rriT 3> H in f. Then, the successful inflation could be realized. More precisely speaking, 
the value of T is changing during inflation as the would-be inflaton <p is moving along a 
slow-roll direction. Hence, the true inflaton is a linear combination of T and <fi. However, 
the (p direction is dominant in the true inflaton because of the large mass my of T. The 
keypoint to realize our scenario is the inflation model with a large value of W (4>) such 
that aW(<f>) I y/T + T* ^> Hi n f during the inflation era. After the inflation, the system 
approaches toward the true minimum. We assume that at the true minimum a small 
gravitino mass, m 3 / 2 <C {W(4>))i n f, and low-energy SUSY breaking are realized. 

Figures 1 and 2 show what we expect in our scenario. That is, the would-be inflaton 
has a flat potential with a large energy corresponding to H in f in a certain region, and 
that would drive the inflation. In the same region, the value of superpotential Wi n f is also 
large and it induces a large mass along the modulus direction like rriT = O(10)Wi n f. After 
the inflation ends, the system approaches toward the true vacuum, which corresponds to 
<f) = in these figures. At that point, we would have a gravitino mass smaller than Wi n f 
and H inf . 

Furthermore, we comment on the superpotential with a positive exponent, e.g. 

W = W(<t>) + Ae aT } (8) 

with a > 0. Such a non-perturbative superpotential may occur by gaugino condensation, 
where its gauge kinetic function / is a linear combination between S and T, 

f = mS- wT, (9) 

with m, w > 0, and the field S is stabilized already by its heavy mass. (See for details 
[H[S].) In this case, we may have A 1 in Eq. (jS]). With this superpotential, the modulus 
T has the mass rriT = aW((f) / y/T + T* around DjW = like Eq. ([7]). Then, when 
m T 3> H in f, the successful inflation would be realized as the case with the superpotential 
OH]). The modulus mass txit is the same between the superpotentials with the negative 
exponent ([3]) and positive exponent (|SJ). In both superpotentials, the successful inflation 



4 







Figure 2: The superpotential 
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would occur similarly. However, the forms of those scalar potentials are different from 
each other as we will show later by an explicit form of W((f>). We can also consider the 
following superpotential 

W = W{<j>) + Ae~ aT + Be bT , (10) 
with a, b > 0, where we may have B <C 1 similar to A in Eq. (JSJ). 



3 A simple model 

Here, we illustrate our scenario by using a simple model. As such an illustrating model 
for the inflation superpotential W(<f)), we use the deformed ISS inflation [II] . (See also 

3.1 Deformed ISS inflation 

First, we briefly review on the (deformed) ISS inflation model. This model is the su- 
persymmetric SU(N) gauge theory with Nf flavors of fundamental and anti-fundamental 
matter fields, q\ and and singlets, My, where i,j = 1 . . . Nf, c — 1 . . . N. Their super- 
potential is written by 

W ISS = w + hq- .M;^': - m 2 Mji - fi 2 M aa , (11) 

where I — 1 ... N, a — N + 1 . . . Nj and u7o is a constant. We assume 

w ~ /j 2 < m 2 < 1, (12) 

and these fields have canonical Kahler potential^ 

K ISS =\M i] \ 2 + \qt\ 2 +\qt\ 2 . (13) 

Now, let us decompose fields as follow: 

The SUSY conditions, D/H 7 = 0, for all fields cannot be satisfied by the rank condition. 
The minimum corresponds to the point, which satisfies the conditions, D X W = D p W = 
D Z W = D Y W = 0, that is, 



P = P 



Z = 0, hY = -W, x = X= V m2 / h +\ Y \ 2 , ( 15 ) 



2 If higher order terms are large, this model would not satisfy the slow-roll conditions. It is studied 
that the higher order terms are small enough in the (deformed) ISS inflation jTTJ [JJ]. At any rate, we 
are using the deformed ISS inflation as an illustrating model for our scenario. 
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but does not satisfy D$W = 0. That is the so-called ISS vacuum. Thus, at such a vacuum 
the SUSY is broken by F-terms of We may tune the constant Wq such that the almost 
vanishing vacuum energy, Vq ~ 0, at this vacuum is realized after including the modulus 
potential. 

Here, we study the inflation in this potential. Indeed, in this model, the would-be 
inflaton corresponds to the diagonal direction of Yjj, i.e., Yu = -^=4>5u |l4j . In the 
global SUSY limit, the relevant term of scalar potential can be written as 



tree 



2 /TF h _ 

m ViV i=XX 



+ ^I0| 2 (W 2 + |X| 2 ), (16) 



at the tree- level, where we have also neglected [i. From now one, we concentrate ourselves 
on only the real part of 0. Along \ = x — 0, the field <fi has the almost flat potential. 

When > C = y^m, the fields x an d X become massive. Then, field comes to have 

the following potential by integrating out x? X'- 



U e// (0)=iVm 4 + ^ 



2/i 2 m 4 log 



/ h 2 <f) 2 \ 

\nm!J 



+ —0^ + /im 2 log 1 + -r-Tp + —0^ - /im' log 



;i7) 



where M* denotes a cut-off scale and we take M* = Mpj. By this effective potential, the 
inflaton now rolls over. When = C = y^m, the scalar fields x, X become tachyonic, 
and roll off to the vacuum with non-vanishing VEVs of x an d X- Then, the inflationary 
process ends and the system approaches toward the ISS vacuum, which was said above. 

In the above analysis, we have taken the global SUSY limit. When we consider the su- 
pergravity scalar potential derived from the Kahler potential K IS s and the superpotential 
Wissi the mass term of TrY = y/N<j) has a correction of 0(n 2 /Mpj). Such a correction 
can be negligible compared with the above 1-loop correction when \x is sufficiently small. 

In this model, the Hubble parameter during the inflation era is evaluated as 



V 1 ' 2 VNm 2 
~ V^Mpi ~ \/3Mpi ' ( } 

Furthermore, the superpotential during the inflation era is dominated by TrY, i.e., 

(W) inf ~ m 2 TrY. (19) 

These values are important as said in the previous section, and we will study them explic- 
itly in the following section. In this model, the sizes of the Hubble parameter H in f and 
the SUSY breaking are determined by the parameters, m 2 and fi 2 , respectively. They are 
independent each other. In addition, we are assuming /i 2 m 2 in Eq. ( 1121) . Thus, we 
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could realize the inflation with the low-energy SUSY breaking scenario, when the moduli 
are stabilized successfully. 

Here, let us estimate the slow-roll parameters, e and 77. We now parameterize the 
inflaton trajectory by x = jf-, which leads to the effective potential of the form, 



Veff(x) 



Nm 4 



1 + 



Nh 2 
32tt 2 



2 log 



hm 2 x 2 



+ {x 2 + l) 2 log ( 1 + \ j + (x 2 - l) 2 log ( 1 - \ 

X A \ X A 



Then, the slow-roll parameters are given by 



M 2 Pl 



1 dV 



h 5 NM Pl 2 

ay 1 



[X 



X* 



l)log 1-^ + (x 2 + l)log 1 + 



(20) 



x- 



„ 1 d 2 V h 3 M 2 
T] ~ Mpi Vd<p 2 - SvrW 



(3x 2 - 1) log 1 



(3x 2 + 1) log 1 + 



(21) 



We assume that the inflation takes place in the TrY direction, even when we include the 
modulus T. As shown in [T4], the number of e-foldings, N e ~ 54 ± 7 and the amplitude 



(22) 



of curvature perturbation, P^ 2 = 4.86 x 10 5 are obtained as follow 



N„ ~ 4tt 2 



m 



2 2 
xi 



P 



1/2 



1 



H inf 



M Pl J /i 3 ' "4 v^VSttMp^ 
where x e denotes x e = 4> e /4>c with the initial value of the inflaton e . Inserting the 



approximate expressions of these parameters, H in f = ^JV/?>M j 
we can obtain 



PI V3M F 



and e 



m 



M. 



~ 10- 3 x /i 1 / 2 , 



/i jv 

327T 1 iV e ' 

(23) 



for N P ~ 54. 



3.2 Modulus stabilization and inflation 

Here, we consider the following Kahler potential and the superpotential, 



K = - ln(T + T*) + K ISS , W = W ISS - Ae 



-aT 



(24) 



First we study the ISS vacuum taking account the modulus T. At the point, the dominant 
terms in the superpotential can be written as 



W, 



iss 



W - /i 2 $aa + ■ ■ 



(25) 



S 



At this minimum, the SUSY is broken by F-terms of $ aa , i.e. \F®\ = fi 2 . We assume that 
the VEV of $ at the ISS vacuum is small. Then, the VEV of Wjss is dominated by w . 
The gravitino mass m 3 / 2 is evaluated as rrt.3/2 — Wq/(T + T*) 3 / 2 . When we neglect F®, 
the modulus T is stabilized at DtW = 0, where the modulus has the mass, 

a awn , . 

m ^WTV WlssX WTV (26) 

Next, we take into account the effect of non- vanishing F® . However, when = /i 2 is 
smaller than the above modulus mass tut, the modulus is stabilized almost around the 
point, DtW = 0. Indeed, we fine-tune wq to lead almost vanishing vacuum energy, V$ ~ 

m 



^^^T/y-A^)" 2 )' (27) 

where m$ is the mass of $ at the ISS vacuum. That is the F-term uplifting scenario 
[HI HO]. Thus, the modulus mass is heavier than the gravitino mass by the factor a. The 
minimum of T is slightly shifted from the point DtW = and the non-vanishing F T 
appears as F T ~ 3a^ 1 m^/2- At any rate, we have F T -C F® = fi 2 . The gravitino mass at 
the ISS vacuum is evaluated as 




y/3{T + T*) 3 / 2 

Now, let us study the inflation with taking into account the modulus T. During the 
inflation era, the first term Wjss in Eq. (j24p becomes large as Eq. f fl9|) . Then, for a fixed 
value of TrY, the modulus T is stabilized around DtW = 0, i.e. 

aT ~ -log(m 2 TrY), (29) 

as studied in Eqs. ((5]) and (EI) of section 2. Around that point, the modulus mass ttit is 
estimated by Eq. ([7]) as 

2 

(Z CLTYl 

m ~ H/ J5S ss - TrY. (30) 

On the other hand, the Hubble parameter during the inflation era is evaluated as 

1 , /r, -v/iVm 



H mf = -^V 1/2 ~ -. (31) 

; v/3 ^(T + T*) 3 / 2 V ; 

Thus, the modulus is not destabilized during the inflation era if 

a(T + T*) TrY > (32) 
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For example, when a(T + T*) ~ 50 and ~ 1, this condition is satisfied for TrY > 

0(0.1). Such a value of T, i.e. a(T + T*) ~ 50 would be obtained for m ~ 10 14 GeV. 
Then, a sufficiently large value of e-folding N e can be realized during TrY > 0(0.1) when 
the initial condition of <fi is large enough, e.g. <p e = 1. The magnitude of the Hubble 
parameter Hj n / during the inflation is determined by m 2 in Eq. (|31[) . while the gravitino 
mass m 3 / 2 at the ISS vacuum is determined by fi 2 in Eq. (|28|) . Recall that /x 2 and m 2 
are independent each other and we are assuming /i 2 <C m 2 in Eq. ( !T2|) . Thus, we would 
realize much smaller value of m 3 / 2 than Hi n f. 

When we include the term Ae~ aT in the superpotential and —3 ln(T+T*) in the Kahler 
potential, the supergravity scalar potential has a correction on the would-be inflaton mass 
and it is of 0(Ae~ aT /(T + T*) 3/2 ), which is estimated as 

Ae~ aT / (T + T*) 3/2 « 3m2Tr 5 /0 . (33) 

Such a correction can be neglected for the inflation dynamics because a = O(10). 

Figure 3 shows an example of the scalar potential V of ReT and 0. Figure 4 shows the 
same scalar potential V of ReT at the slice of (f> = 1.0 (yellow curve), (f> = 0.8 (red curve) 
and <p = 0.3 (green curve). The inflation continues as far as the modulus is stabilized 
at the local minimum around ReT ~ 1.6, e.g. for <p = 1.0 (yellow curve) and <p = 0.8 
(red curve) as well as smaller value of <p. (We will study later the point corresponding to 
= 0.3 (yellow curve).) We may need fine-tuning to take the initial condition of T as 
ReT ~ 1.6. 

We study the final stage of the inflation. At least, the waterfall point, <p c = sj^m 
should be larger than the point of leading to m T ~ H in f, since the moduli is destabilized 
at rriT ~ H in f. We denote a value of the would-be inflaton by </>*(= gMpi,g < 1), where 
the modulus direction becomes tachyonic. At <fi = 0*, we would have 

9 

CtTfl 

m T ss - TrY ~ H inf . (34) 

Then, the condition that the modulus is not destabilized during the whole inflation process 
is written by 

0* < C < <j) e . (35) 

We assume that the initial value of the would-be inflaton is Mpi, i.e. e = Mpi. Then, for 
iV e ~ 54, we obtain Nh 2 = ^ ~ 0.73 and e = 10- 3 VNM Ph where we used Eq. fl22l) . 
The above condition ( 1351) becomes 

10 6 g 2 < N < 10 6 or 10~ 3 < h< lO^g' 1 . (36) 

In our model, a value of g is of (9(0.1), then we need a large number of iV ~ O(10 5 ). 

At any rate, when the above situation is satisfied, the waterfall occurs at <p = <j) c by 
the tachyonic masses of \ and \ directions. During such a waterfall the % and x develop 
their values, which we parameterize them as XX — am 2 /h, where a varies a = — 1. 
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ReT 

Figure 3: The potential as a function of the moduli ReT and the would-be inflaton 
0. Values of the parameters are taken as A = l,a = 10, Wo = — 10~ 14 ,iV = 3, m = 
7.0 x 10~ 4 ,/i = 0.5. 




1.6 1.7 1.8 1.9 



Figure 4: The same scalar potential as Figure 3. The top (yellow) curve corresponds to 
the slice of = 1.0. Similarly, the second (red) curve and lowest (green) curve correspond 
to cf) = 0.8 and 0.3, respectively. 
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Then, the values of superpotential and Hubble parameter vary like W = \/Nm 2 (j)(a — 1) 
and H = \TNm 2 (l — a). Thus, the condition that the moduli is stabilized during the 
waterfall is the same as Eq. fl32l) . During the waterfall, however, <p rolls to the ISS point 
which is smaller than 0*. Thus Eq. f[3"2"j) would not be satisfied during the waterfall. The 
moduli would not be stabilized during the waterfall. 



3.3 Waterfall by modulus 

The inflation scenario in the previous section can be realized if the relation 0* < C is 
satisfied. That requires that N = (9(10 5 ). That might be too large to construct explicit 
(string) models. If the value of N is small like N = 0(1 — 10) and the situation 0* > C is 
realized, the modulus is destabilized before the waterfall by tachyonic masses of % and %. 
That corresponds to the lowest (green) curve in Figure 4. Then, the inflation ends. The 
inflation itself has no problem. That is, we can realize sufficiently large e-folding before 
the destabilization of the modulus T. However, once the modulus T is destabilized with 
the superpotential the modulus T runs away to infinity. 

We can avoid such a runaway behavior by adding the non-perturbative term Be bT 
with the positive exponent b, i.e., 

W = Wiss ~ Ae~ aT + Be bT . (37) 

As said above, the previous scenario with B = has no problem for the inflation to realize 
a sufficiently large value of e-folding. Hence, we take values of B and b such that they 
are small enough not to affect the inflation around T in f, which denotes the value of T 
determined by D T W = with B = 0, i.e. Eq. 

In this case, the inflation terminates due to the instability caused by the moduli T, 
but not Xi X fields. That is, the modulus becomes the waterfall field. That has new and 
interesting effects on several cosmological aspects. However, studies on such aspects are 
beyond the purpose of this paper. We would study them elsewhere. Figure 5 shows the 
scalar potential V of ReT and <fi for the superpotential (I3TI) . 

At any rate, the runaway of T to infinity is avoided by the term with the positive 
exponent, Be bT . Then, the field rolls down around C , where Xi X fields become tachy- 
onic. Then, the system approaches toward the ISS vacuum. At that point the dominant 
superpotential can be written by 

W = w - /i 2 $ aa + Be bT + ■■■ . (38) 

Similar to the discussion at the beginning of section 3.2, the modulus T is stabilized 
around DtW = 0, where the modulus has the mass, 

m T ~ ; (39) 
VT + T* 

The SUSY breaking is dominated by = fi 2 , while the F T is suppressed as F T ~ 
36 _1 m 3 / 2 F* = n 2 ps 777,3/2. Recall again that /i 2 and m 2 are independent each other. 
Thus, we would realize much smaller value of m 3 / 2 than H in f. 
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Figure 5: The potential including positive exponent term. We take the values of param- 
eters as b = 10, B = 10 -30 in the upper figure and b = I, B — 10~ 10 in the lower figure. 
The other parameters are taken as the same values as those in Figures 3. 



13 



3.4 Positive exponent 

It would be simple to consider the following superpotential only including Wjss an d a 
single modulus- dependent term with a positive exponent, i.e., 

W = W ISS + Ae aT , (40) 

where A and a > 0. During the inflation era, the dominant terms in the superpoten- 
tial are written by 

W = -m 2 TrY + Ae aT + ■■■ . (41) 

We take the initial condition <p e = 1. Then, the inflation occurs. As far as <fi is large 
enough, the modulus T is stabilized at DtW = for the above superpotential (HTj) . i.e. 

aT ~ -log(m 2 TrY), (42) 

and the modulus T has the mass % ~ am 2 TrY/ \J(T + T). Thus, a sufficiently large 
value of e-folding can be realized, similar to that in the previous sections. As the field 
rolls down the scalar potential and its value becomes of 0(0.1), the modulus mass 
becomes of 0(H in f). The modulus shifts its value, but the modulus is not destabilized, 
because there are quite high potential barriers at both small and large values of ReT. 
Figure 6 shows the scalar potential of ReT at the slice of <ft — 1.0,0.7 and 0.1. Then, at 
<p = 4>ci the tachyonic direction appears along \ an d X, but not T. The system approaches 
toward the ISS vacuum, where the dominant terms in the superpotential can be written 
by 

W = w - fi 2 $ aa + Ae aT + ■■■ . (43) 

At the ISS vacuum, the large modulus mass is realized and we can realize the gravitino 
mass m 3/ / 2 smaller than Hi n f. 

4 Conclusion 

We have studied the inflation scenario from the viewpoint of the moduli stabilization. We 
have proposed the scenario that the superpotential has a large value during the inflation 
era and it induces a large mass of the modulus field. Then, we could realize the inflational 
expansion of the Universe with a sufficiently large value of e-folding N e without destabi- 
lizing the modulus. We study our scenario by using a simple model, the deformed ISS 
inflation model. It is found that in that model a sufficiently large e-folding can be ob- 
tained during the inflation, but at the final stage the modulus may be destabilized. Then, 
the modulus would run away to infinity in the simple KKLT superpotential. Thus, we 
would need another bump/barrier to avoid the runaway behavior of the modulus. Indeed, 
we have added the term with a positive exponent, although another type of potential 
bump may also be useful. As a result, this model shows a new aspect. The inflation is 
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Figure 6: The potential of the positive exponent superpotential. We take the values of 
parameters as w = — 10~ U ,A = — 10~ 12 ,a = — 10, m = 10~ 4 , N = 3. The top (yellow), 
middle (red) and lowest (green) curves show that when = 1.0, = 0. 7, = 0. 1. 



terminated when the modulus mass becomes tachyonic. That is, the modulus becomes 
the waterfall field. That has new and interesting effects on several cosmological aspects. 
We would study them elsewhere. At any rate, the modulus is not destabilized by the term 
with a positive exponent. Then, the system approaches toward the ISS vacuum. At the 
true (ISS) vacuum with the modulus stabilized, we can obtain the gravitino mass m 3 / 2 , 
which is much smaller than the Hubble parameter Hi n j during the inflation. 

On the other hand, other inflation models would lead to a different behavior. The 
modulus might be stabilized in the whole inflation process in another inflation model 
with a large value of superpotential. It would be interesting to apply our studies to 
several types of inflation models. 

Acknowledgement 

The authors would like to thank Y. Nakai and O. Seto for useful discussions. T. K. 
is supported in part by the Grant-in-Aid for Scientific Research No. 20540266 and the 
Grant-in- Aid for the Global COE Program "The Next Generation of Physics, Spun from 
Universality and Emergence" from the Ministry of Education, Culture, Sports, Science 
and Technology of Japan. 

References 

[1] S . Kachru, R. Kallosh A . D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003) 
[arXiv:hep-th/0301240] . 



15 



[2] See for example 

N. V. Krasnikov, Phys. Lett. B 193, 37 (1987); T. R. Taylor, Phys. Lett. B 252, 
59 (1990); J. A. Casas, Z. Lalak, C. Munoz and G. G. Ross, Nucl. Phys. B 347, 
243 (1990); B. de Carlo s, J. A. Casas and C. Munoz, Nucl. Phys. B 399, 623 (1993) 
|arXiv:hep-th/9204012] . 

[3] R. Kallosh and A. D. Linde, JHEP 0412, 004 (2004) | arXiv:hep-th/0411011] . 

[4] H. Abe, T. Higaki and T. Kobayashi, Phys. Rev. D 73, 046005 (2006) 
[arXiv:hep-th/0511160~| . 

[5] H. Abe, T. Higaki, T. Kobayashi and O. Seto, Phys. Rev. D 78, 025007 (2008) 
|arXiv:0804.3229l [hep-th]]. 

[6] M. Badziak and M. Olechowski, JCAP 0902, 010 (2009) |arXiv:0810.4"25T1 [hep-th]]. 

[7] T. He, S. Kachru and A. Westphal, JHEP 1006, 065 (2010) jarXiv: 1003.42651 [hep- 
th]]. 

[8] A. Saltman and E. Silverstein, JHEP 0411, 066 (2004) | arXiv:hep-th/0402135| ; 
M. Gomez-Reino and C. A. Scrucca, JHEP 0605, 015 (2006) |arXiv:hep-th/0602246| ; 
Q. Lebedev, H. P. Nilles and M. Ratz, Phys. Lett. B 636, 126 (2006) 
|arXiv:hep-th/060304"7| . 

[9] E. Dudas, C. Pap ineau and S. Pokorski, JHEP 0702, 028 (2007) 
[arXiv:hep-th/061029~7| . 

[10] H. Abe, T. Higaki, T. Kobayashi and Y. Omura, Phys. Rev. D 75, 025019 (2007) 
|arXiv:hep-th/0611024| ; H. Abe, T. Higaki and T. Kobayashi, Phys. Rev. D 76, 
105003 (2007) [arXiv:0707.267T1 [hep-th]]. 

[11] R. Kallosh and A. D. Linde, JHEP 0702, 002 (2007) | arXiv:hep-th/0611183l ; 
O. Lebedev , V. Lowen, Y. Mamb rini, H. P. Nilles and M. Ratz, JHEP 0702, 
063 (2007) |arXiv:hep-ph/0612035 |; M. Serone and A. Westphal, JHEP 0708, 080 
(2007) |arXiv:0707.0497l [hep-th]] : A. Achucarro and K. Sousa. [arXiv:0712.3460l [hep- 
th]; H. Abe, T. Higaki, T. Kobayashi and Y. Omura, JHEP 0804, 072 (2008) 
jarXiv:0801. 0998 [hep-th]]. 

[12] G. R. Dvali, Q. Shan and R. K. Schaefer, Phys. Rev. Lett. 73, 1886 (1994) 
[arXiv:hep-ph/9406319~| . 

[13] S. Dimopoulos, G. R . Dvali and R. Rattazzi, Phys. Lett. B 410, 119 (1997) 
[arXiv:hep-ph/9705348| . 

[14] Y. Nakai and M. Sakai. larXiv: 1004.20991 [hep-ph]. 



16 



[15] K. A. In triligator, N. Seiberg and D. Shih, JHEP 0604, 021 (2006) 
[arXiv:hep-th/0602239] . 

[16] R. Kitano, H. Qogu ri and Y. Ookouchi, Phys. Rev. D 75, 045022 (2007) 
[arXiv:hep-ph/06121~39] . 

[17] N. J. Craig, JHEP 0802, 059 (2008) jarXiv:0801.2T57l [hep-th]]. 

[18] See for example 

P. Brax, C. van de Br uck, A. C. Davis and S. C. Davis, JCAP 0609, 012 (2006) 
arXiv:hep-th/0606140] ; S. C. Davis and M. Postma, JCAP 0804, 022 (2008) 
arXiv:0801.2TT6l [hep-th]]; M. Badziak and M. Olechowski, JCAP 1002, 026 (2010) 
larXiv:0911.12T3l [hep-th]]; S. Mooij and M. Postma, JCAP 1006, 012 (2010) 
larXiv: 1001 .06641 [hep-ph] ] . 



17 



